The definition of a temperature scale, independent of the substance thermometric qualities used, was proposed by Kelvin in 1898 and was named the thermodynamic temperature scale, which coincides with a thermometer scale filled with a perfect gas. However, achieving this scale is practically impossible; therefore, another temperature scale was developed, the nearest possible to the thermodynamic one and fully characterized to remain convenient and maintain its precision.
INTRODUCTION
The definition of a temperature scale, independent of the substance thermometric qualities used, was proposed by Kelvin in 1898 and was named the thermodynamic temperature scale, which coincides with a thermometer scale filled with a perfect gas. However, achieving this scale is practically impossible; therefore, another temperature scale was developed, the nearest possible to the thermodynamic one and fully characterized to remain convenient and maintain its precision.
Taking into account all these specifications, the international temperature scale (ITS) was created; it is updated every 20 years. This scale is based on a primary set of fixed points of temperature, for instance: the triple point of water, the melting point of gallium, the freezing point of zinc among many others. One of the calibration methods is based on the use of cells containing the fixed points cited in the ITS.
The other method of calibration is the comparison method, in which both the thermometer to be calibrated and the reference thermometer (calibrated one) are placed in an isothermal bath. The American Society for Testing and Materials (ASTM) established the calibration procedure to be followed when using this method [1] . For this purpose, a highly stable isothermal reservoir is required in order to avoid the socalled bar effect; this thermal phenomenon produces heat gains or losses due to the axial thermal gradient that appears when one end of the bar is in contact with the thermal source and transfers heat as a fin [2] . This situation leads to significant errors in temperature measurements, according to European Association of National Metrology Institutes EURAMET [3] and [4] . Reiss was a pioneer: he suggested using heat pipes to compensate the error induced by the bar effect in the calibration of thermometers [5] .
Sostmann [6] and Bienert [7] proposed the use of heat pipes in thermometry; they pointed out that heat pipes are normally designed to transport the maximum heat flow with the minimum possible temperature difference. However, in thermometry applications, the heat transport capacity is less relevant than the device's isothermal behavior.
Tamba et al. evaluated a water heat pipe, controlling the operation pressure, when it was used as a comparative furnace in order to calibrate a standard platinum resistance thermometer (SPRT) in a range of 338. 15 [9] .
In contrast, isothermal furnaces have also been developed on heat pipe bases, but they require 30 minutes to achieve a stable operation temperature; Tasneem has proposed a cylindrical cavity in which the temperature is stabilized. The calibration is done using the cavity as a black body; the cylindrical cavity is filled with graphite in order to make the temperature uniform [10] .
In this article, the experimental results of an annular TPT thermal characterization are presented; the goal is to determine its isothermal behavior and the time it takes to achieve this state of operation. The latter is the TPT's most significant characteristic for thermometry applications.
THEORY OF THERMOSYPHONS

Working Principles of Thermosyphons
Closed TPT, also known as wickless heat pipe, is a simple but effective two-phase heat transfer device. It performs better in a vertical position, with the evaporator or zone where the heat is supplied at the bottom; in this position, it takes advantage of the gravity acceleration for bringing down the condensed vapor as a liquid film [11] .
The working fluid is stored at the TPT bottom as a liquid pool. The container is an evacuated closed pipe filled with a certain amount of a suitable working fluid. The TPT is divided into three main sections; the evaporator section, the adiabatic section, and the condenser section. If heat is added to the evaporator section, the working fluid inside the pipe vaporizes and carries heat from the heat source to the condenser section, where heat is removed by a cooling system. The condensed working fluid returns to the evaporator section, taking advantage of the gravity force, and closing the cycle. Therefore, the condenser section of the TPT must be located above the evaporator section.
Fundamentals for Calculation
In order to fully characterize the TPT, an experimental and analytical study must be undertaken. The condensation can be modeled as taking place inside a vertical pipe but with the interface liquid-vapor strain stress taken into consideration. The convection coefficient in the condenser is normally compared to the one given by the Nusselt theory or against the extended Nusselt theory [11] .
In 1916, Nusselt was the first to consider the condensation phenomenon in a vertical plate without stress in the interface. Faghri et al. extended the Nusselt theory to a laminar and turbulent flow inside a thermosyphon, flow reduction due to the condensation rate was evaluated [12] . Spendel [17] also studied the condensation problem in the TPT; the momentum equation in the steam region was numerically solved for the laminar case and film condensing analysis in the condensing region was to coupled it.
In contrast, in the specialized literature there are two general approaches that are extensions of Nusselt's film condensation theory and are used to include the variable strain stress in the TPT condenser interface. The first method empirically stablishes the friction factor between the two phases in order to satisfy the mass balance to take into account the axial steam flow. The second numerically solves the steam flow in 2D and couples it with the Nusselt analysis for the film condensation.
When TPT is at steady state, the total pressure drop in a closed cycle is the addition of the both phases pressure drop in the different TPT regions. The total balance must be equal to zero [13] .
In the above equation, P P P 
pressure difference in the interfaces liquid-vapour in the evaporator region and condenser region respectivelly, so that we can write:
This means that the total pressure drop in the three TPT regions must be equal to zero. Thereofre, the necessary condition for the TPT to function is:
This means that gravity is the system driving force, which must always be equal or superior to the total pressure drop in the system. The pressure drop in the liquid phase flow of the TPT working fluid can be determined using Darcy's equation:
Because TPT has not a wick on its inner wall, permeability K is a parameter depending on the system characteristics and the working fluid. Moreover, in the TPT, there is a countercurrent annular liquid-vapor flow, so the wavy interface is an important factor for the permeability magnitude. In contrast, l eff is the TPT effective length and is given by:
In order to determine the pressure drop in the vapour phase, the following equation can be applied:
Gravity effects are given by:
where θ is the TPT inclination angle with respect to the horizontal. In our case, the TPT position is vertical with the evaporator at the bottom so, θ = 90° and the TPT gets the maximum driving force:
In contrast, it is well known that the transported heat flow by a TPT depends on the quantity of liquid working fluid that changes phase in the evaporator:
in which L is the phase change enthalpy given by the expression:
In order to maintain the TPT steady state operation, the liquid mass flow that evaporates in the evaporator must be equal to the vapour mass flow that condenses in the condenser, that is   m m L V = . Next, the liquid mass flow is obtained by adding Eqs. (4), (6) and (8):
and the heat flow transported by a TPT is easily computed:
2 EXPERIMENTAL SECTION
TPT Design
According to Faghri [11] and Sánchez et al. [14] , the starting point in the TPT design for this kind of application is to know the temperature range in which the device is expected to work. With this information, the working fluid and the TPT body material are selected; both must be chemically compatible; moreover, in thermometry applications, the needed device dimensions are generally known, so it is desirable to use commercial pipes to build the annular TPT.
Fig. 1. a) A conventional TPT; b) A two-phase closed annular thermosyphon
Based on this information, the heat flux supplied to the evaporator zone can be determined as well as the magnitude of cooling water flow to obtain the stable temperature operation in the system. Fig. 1 shows both a conventional TPT and the annular TPT for thermometry applications. Both the conventional and the annular TPT are pipes sealed on both sides and, using a pump, a vacuum was created before the introduction of the working fluid; the difference is that the annular TPT has an annular cross section in the condenser zone, and the annulus is used as a volume where the thermocouples will be installed for calibration. The annular TPT technical specifications are summarized in Table 1 . For the 323.15 K to 523.15 K temperature range, the working fluid must be water. Copper type L was selected as the TPT body material; it withstands a pressure of 35 bar, even though the water saturation pressure at 373.15 K, which is the expected operation temperature, is 101.325 Pa. Both water and copper are chemically compatible so they can work together. The filling volume of working fluid was taken as 15 % of the TPT free volume according to Faghri [11] , Sanchez [15] and Carvajal et al. [16] . The annular TPT dimensions are shown in Table 1 .
Experimental System
For the experimental system, a 373 W centrifugal pump was selected to guarantee the cooling water circulation in the condenser. The experimental rig has two reservoirs to store cooling water for condensation with a volume of 1 m³ each; both reservoirs are interconnected with a pipe located at the bottom of the tanks. For the heat supply system, a band electrical resistance was used; the resistance has an electrical power of 1,550 W and a resistance of 10.4 Ω. Fig. 2 shows a technical scheme of the experimental set up with all the elements. In Fig. 3 the annular TPT, the band type electrical resistance's installation, and the cooling system at the TPT top part are shown (all elements are without thermal insulation).
In order to change the power supply, a 120 VCA potentiometer was used. The potentiometer provides Fig. 2 . Technical scheme of the experimental set up 0 V to 120 V, and it had connected a voltmeter (±0.05 V accuracy) in order to measure the voltage difference at the exit. A 0 cm³/s to 16.67 cm³/s range rotameter (±0.5 cm³/s accuracy) was used to measure the cooling water flow. The thermocouples used were of the K type (±2.2 ºC accuracy in the temperature range studied). They were used to measure the temperature on the surface of the internal pipe wall that is the annular zone, and they were also used to monitor the temperature of the cooling water at the inlet and outlet of the condenser. A digital thermometer (±0.5 ºC accuracy in the temperature range studied) with an Omega model HH-22 microprocessor was used for thermocouples type J/K. The thermocouples used in the experiments were located on the internal wall surface of the annular region, all the long its length and with a 3 cm separation between them, as shown in Fig. 4 . The annular TPT was thermally insulated with mineral wool and was also covered with a sheet of aluminum.
Fig. 4. Location of the thermocouples in the TPT annular region
EXPERIMENTAL RESULTS AND DISCUSSIONS
Experimental runs were undertaken in order to determine the time in which the annular TPT reaches a working steady state under different operating conditions. Therefore, thermocouples t1, t5 and t8 (see Fig. 4 ) were monitored during 30 minutes, i.e. the period in which the heating and cooling conditions were maintained at constant levels. Experiments were run for two different cooling water flows (16.67 cm³/s and 4.17 cm³/s), and for each of them the power supplied was varied (38, 154, 350, 1,385) W using the potentiometer to change the applied voltage according to Eq. (13)
Experimental Results
The experimental results with cooling water flows equal to 16.67 cm³/s and 4.17 cm³/s are shown in Fig.  5a and b. In these figures, it is possible to observe the temperature variation of the thermocouples t1, t5 and t8, located at the bottom, center and at the top of the annular region, respectively (Fig. 4) , for three heat flow levels supplied to the evaporator: 154 W, 615 W and 1,385 W. For 16.67 cm³/s, the cooling water flow temperature is slightly bigger for the thermocouple t1, but the difference against t5 and t8 is not more than 5K for the same power level supplied (Fig. 5a ). In contrast, for the cooling water flow of 4.17 cm³/s (Fig. 5b) , the temperature difference between t1, t5 and t8 is uneven; this means that the small cooling water flow is not enough to make the TPT temperature uniform. Practically, the TPT operation temperature for the small cooling water flow is always higher, and its behavior is uneven, especially in the case of 615 W, in which t1, t5 and t8 show values of (370, 351, 370) K, respectively.
In contrast, in Fig. 6a and b, the percentage of the variation in temperatures t1, t5 and t8 in respect with lectures obtained with the same thermocouples, 30 minutes after the beginning of the experiment, is plotted against time. Therefore, the time needed for steady state operation was obtained using the relation: there is a smooth tendency to the steady state, which is attained in (18, 28, 18) min for all the power supplied magnitudes, for t1, t5 and t8, respectively (Fig. 6a) . In the case of the small cooling water flows, the behavior is more uneven; t1, t5 and t8 attain the steady state in (20, 24, 18) min, respectively (Fig. 6b) .
For the cooling flow of 4.17 cm³/s, there is a difference of 5 % in the thermocouple t1 for 615 W that vanishes after 28 min of operation; in contrast, the thermocouple t8 shows that the steady state takes place after 18 min. As expected, the steady state is reached faster with larger cooling water flows.
To investigate in detail the isothermal behavior, the range of power supply values was broadened including 615 W and 960 W. In Fig. 7, t1 to t8 indicate the thermocouples installed inside the annular region (see Fig. 4 ). The wall's isothermal behavior inside the annular region is evident, and this condition is easily attained for power supplied in magnitudes greater than 350 W in the evaporator. In this work, isothermicity is defined as such state when the temperature difference is not bigger than 3 % along the TPT surface. It is important to note that the operation temperature values are always higher for the lower cooling water flow. For the power supplied in magnitudes of 38 W and 154 W, the uniformity of the temperature profile is never achieved; therefore, there is an axial temperature gradient, and the annular TPT efficiency is reduced.
Practically, for the two cooling water flows used in the experiments (16.67 cm³/s and 4.17 cm³/s) the steady state was obtained 18 min after the experiment 
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started (heat flow supply and cooling water flow maintained constant). For this period, there was a variation in temperature values of 2 % in all analyzed cases.
Results Discussion
One of the objectives of this research was to evaluate the annular TPT as an isothermal source to calibrate temperature instruments, using the comparison method. In the experimental test, it was proved that TPT operation is isothermal along the 21 cm characterized annular zone length; consequently, the bar effect that produces a temperature measurement error, due to the axial temperature gradient, was avoided. Therefore, the device fulfills the requirements to be used as an isothermal reservoir for calibration purposes using the comparative method in the range from 313.15 K to 373.15 K. Of course, when the required range of application is larger, the TPT working fluid should be changed, as well the cooling fluid and its flow. In this research, the annular TPT immersion depth was 21 cm, which can be easily extended by changing the device characteristics.
For the small heat flow magnitudes (38 W and 154 W), the heat flow supplied to evaporator is not sufficient to guarantee that the axial pressure gradient is near zero and consequently the axial isothermal behavior is not reached. Nevertheless, for heat flow supplied magnitudes higher than 350 W this effect disappears, as shown in Fig. 7 . However, it is important to note that the annular TPT region operates at higher temperatures when the water cooling flow is reduced.
The other goal of this research is to propose the use of the TPT as a secondary reference for temperature instrument calibration. However, this application implies a guarantee of the TPT stability and repeatability for different TPT working conditions; therefore, there should be the same values of temperature in different schedules using the same operation conditions.
Figs. 8a and b show the temperature profile on the annular region wall of the TPT, for three distinct experimental tests carried out in different days, but keeping the same operation condition (960 W and 1,385 W, with 16.67 cm³/s of cooling water flow), after 30 minutes of the experiment start. In the abovementioned graphs, it obvious that the temperature values are not strictly the same, and the differences were approximately of 4 K (i.e. 2.9 %): therefore, strictly speaking, the results are not reproducible.
This difference could be attributable to the cooling water temperature, which was not constant, because it depends on environmental conditions. In contrast, the other involved parameters (e.g. the electrical power supply and the cooling water flow) need to be controlled with a higher degree of precision.
In contrast, considering that the measured values obtained in different instants are not the same, it was not possible to obtain a calibration curve for the annular TPT in order to use it as a secondary reference for the calibration of temperature instruments.
In order to obtain a reliable TPT calibration curve and propose its use as a secondary reference for metrology purposes, it is necessary to keep constant, precise and stable the following parameters:
• Inlet cooling water temperature; • Cooling water flow; • Heat flow supplied magnitude in the evaporator.
Furthermore, even though the TPT is thermally insulated, it is also important to avoid any stream of air in the room where the experiments take place to avoid changing the surrounding conditions. 
In order to evaluate the radial heat leakages, the thermal TPT efficiency was computed; this parameter was expected to be high because a TPT is similar to an ideal fin. The abovementioned is shown in Fig.  9 , where the TPT efficiency is plotted at different operation power magnitudes, and was always higher than 94 %.
Therefore, the device fulfills the requirements of an isothermal reservoir for calibration purposes using the comparison method. The range of the device's stable operation can be broadened by making some changes as previously mentioned.
In contrast, if the variations of the temperature are reduced by controlling the main parameters affecting the TPT stable operation and their precision, it would be possible to use the annular TPT as a secondary reference for calibration purposes.
The mean uncertainty of measured temperature in the range studied was ± 6 %. The maximum uncertainties obtained for main variables calculated in the present study is uncertainty of electrical resistance, R: u R = ±0.00481 Ω.
CONCLUSION
An annular two-phase thermosyphon was designed, built and characterized, in order to evaluate its use in thermometry. Experiments were carried out for 16.67 cm³/s and 4.17 cm³/s cooling water flows with heat flow supplied magnitudes in the evaporator of (38, 154, 350, 615, 960, 1,385) W for each cooling water flow.
Except in the cases of 38 W and 154 W, the isothermal TPT characteristic was observed throughout the annular 21 cm length.
The system accomplishes all the requirements for an isothermal source for calibration of temperature instruments using the comparative method. The bar effect does not appear or is reduced. Therefore, temperature measurements do not need to be corrected to take in account this thermal effect.
According to isothermal behavior shown by TPT, it can be proposed as an isothermal source for the calibration of temperature instruments using the comparative method.
Another advantage is the immersion depth of the temperature sensor, which is 21 cm, in this case. This value could be increased by changing the geometry of the annular TPT.
Regarding the repeatability of experiments, the cooling water temperature was not constant, because it depends on the surrounding conditions and other parameters involved, which were not fully controlled in the experiments (voltage, electric supply to the resistance terminals and cooling water flow). It was, thus, not possible to obtain the device calibration curve. Therefore, for experiments with the same operation conditions (heat flow supplied to evaporator and cooling water flow in the condenser), but in different schedules and days, there was not a good reproduction of the annular region temperature where the steady state was attained. Under these conditions, it is not possible to use the annular TPT as a secondary reference for calibration purposes. 
NOMENCLATURE
